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ABSTRACT 
The Left Fork of Little Sandy Creek Basin, betweeYJ. Fellowsville 
and Tunnelton 1 : West Virginia, was surveyed for the location of mi.."'1.e acid 
drainage sources. Thereafter, they were studied for the purposes of 
planning abatement and determining the relationship between the chemical 
constituents in and the discharge of mine acid drainage. 
At least thirty-two (32) out of a total of forty-seven (47) potential 
sources of acid were found to produce acid at some time during the year. 
Thin crested 90° weirs installed along with permanent staffs 
were found to be sufficiently accurate for measuring flow fluctuations 
from mine acid sources. A Gurley Pygmy Flow M~ter was used to measure 
stream flow. The total boiling po:i;n.t acid concentration was used i:'l deter-
mining the relationship between acid load and flow from a mine. -Tests 
were also run for pH, alkalinity, hardness, sulfates, iron, and aluminum. 
Generally, the acid load was found to be directly proportional to flow. 
Sulfates fluctuated in the same manner as· acidity. The pH stayed constant 
:i!rrespective of flow. 
From review of literature, mine acid drainage p:::eve:..,-tlon rather 
than treatment is generally advocated for abatement. Divers~o:..-: of surface 
runoff or where feasible, sealing all portals of water entry i:r:rco a.."1.d exit 
out of active or inactive mines appears to be one of the best remedies to 
reduce mine acid drainage. It is suggested that, in the case of aba.'11.doned 
mines, the additional step of elim:inati.."'1.g all or roost oxyge:2 fr,::im a mine 
by completely seal:i.:n.g off all air cpe.."1.:i:n.gs i."1.to and out of the mi::.:.e could 
provide abatement. 
viii 
INTRODUCTION 
The Division of Water Resources of the West Virginia Department 
of Natural Resources sponsored an investigation conducted by the Depart-
ment of Civil Engineering at West Virginia University for the purpose of 
evaluating flow and chemical characteristics of mine and acid drainage 
into the Left Fork of the Little Sandy Creek between Tunnelton and . 
Fellowsville, West Virginia. The study was initiated in June, 1965, and 
continued through February, 1966. Thereafter the project was supported 
by the University's Department of Civil Engineering and Engineering Ex-
.pe;riznent Station, through May, 1966. 
Individual sources of acid drainage in the basin were located and 
a study was subsequently made of the chemical aspects of water quality 
as related to flow. Chemical characteristics such as pH, acidity, alka-
linity, iron, sulfate, hardness, and aluminum were determined for each 
source of drainage. Weirs and other devic~s were utilized to determine 
flow from mines and in streams. 
Little Sandy Creek appears to be free of any significant pollution 
above its junction with the Left Fork of the Little Sandy Creek. The Left 
Fork has the characteristic ferric hydroxide, or "yellow boy 11 stain, 
commonly associated with mine drainage. 
The information presented in this report will be of use to the 
Division of Water Resources in their development of a plan for abatement 
of acid drainage to Little Sandy Creek. 
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LITERATURE REVIEW 
The present viewpoint shared by authorities in the field of sanitation, 
whether it be air or water pollution, concerns itself with stressing the treat-
ment of wastes at their origin rather than treatment after contamination of 
the environment. It is generally·felt-.that acid mine drainage must be controlled 
at its point of formation. In the words of the Coal Industry Advisory Committee 
to the Ohio River Valley Water Sanitation Commission, 11prevention is preferable 
to treatment. 11 [1] 
Prevention is looked upon as a solution to the problem of mine acid 
drainage principally for two reasons. First, the total volume of acid drainage 
is quite large. The average drainage from bituminous coal mines is about 
25 per cent of the rainfall or estimated penetration; in Northern West Virginia, 
the mine acid drainage varies from 500 to 1000 gallons per acre per day of 
coal exhausted [2]. In the anthracite region of central Pennsylvania, coal 
fields produce from 700 to 6000 gallons of water per acre per day, the 
average drainage over a large acreage being 1400 gallons per acre per day. [ 3] 
Second, the amount of alkaline material needed to neutralize all the acid 
produced is considerable. An estimate of 2,500, 000 tons of acid discharged 
from coal-mining operations in the Ohio basin each year was considered a 
conservative value by ORSANCO, in 1950 [ 4]. Assuming 100 per cent reaction, 
approximately 3/4 ton of lime is required to neutralize each ton of acid. 
Therefore, it would take at least 2,000, 000 tons of 93 per cent pure hy-
drated lime to neutralize all the acid. This is 20 per cent of the total amount 
of lime sold i.."l. t..1-ie U.S. during 1964. With lime costing approximately 
$26 per ton, neutralization would cost approximately $52,000,000 per 
year. In addition, the huge quantify of sludge formed from the preci-
pitation of ferric hydroxide and ferric sulphate would have to be dewatered 
and disposed of. The possible utilization of these precipitates could not 
be made to defray the cost of sludge removal [5]. Any remai.:r.d.:ng dis-
solved iron or hardness would have to be removed preceedb.g domestic 
or industrial use. Add on the cost of treatment facilities, maintenance 
and operator fees at each source of acid, and it becomes prohibitive. 
It is t::.nlikely that complete prevention of all mine acid drainage 
will ever exist, but an overall reduction does appear feasible. For 
this, a good understanding of the conditions leading to the formation 
of mine acid drainage is essential. The three basic ingredients are 
as follows: Sulfu::-, fa combination with iron, most commonly as py-
rite, and represented by the chemical formula FeS 2, must be associ-
ated with the coal [1, 6, 7, 8, 9]; water, either directly or indirectly 
from rain or melted snow, must fall o:n. ox pass through the mine 
works and come into contact with t.h.e sulft:ritic materials*; a:.--:.d oxygen 
must be dissolved in the water or be present in the atmosphere-[10, 11]. 
If any one of the above three ingZ>edients are missing, no acid will be 
,:, sulfuritic material: for the purpose of this paper, pyritic 
substances and their products of oxidatio!' ... 
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formed [12]. There are researchers who feel that certain bacteria play 
a predominant role in the production of acid [1, 9 ]. It is generally thought 
that they increase the rate of production of sulfuritic material. The 
activity of bacteria requires further research._ l 
Due to the low solubility of pyrite (in mg/1, · 1. 48 x 10 - 2 at pH 2., 
and 2. 09 x 10-7 at pH 7), simple dissolution does not cause the high acid 
concentrations associated with mine acid drainage [10]. There are a 
number of other pas sible reactions involved in the partial or complete 
hydrolysis of pyrite. The.initial oxidation of pyrite may be represented 
by: 
5 
e, I\ 
2FeS2 t 702 + 2H 2 0 ~ 2FeS04 + 2H2S04 (::)Jl, \ f' 'c,o? V:'-
There is also evidence that ferric iron may serve as an o~idizing agent 
to pyrite [1, 10, 11]. 
Mine effluents usually contain ferrous sulfate and sulfuric acid 
together with other chemicals in solution, such as aluminum, ferric, 
calcium, and·. magnesium sulphates and lesser amounts of sodium, po-
tassium and manganes.e sulfates and chlorides at a temperature of 11° C. 
The oxidation of ferrous sulfate in the presence of sulfuric acid 
--··-----· ---·-·•··' - ------
is very slow. After a time, at a higher temperature and with aeration 
in a stream, some oxidation does take place according to any one of 
the following equations: [ 1, 6 , 9] 
I 
6 
4 FeS0 4 + Oz + 2H 2So 4 
---
ZFez(S04)3 + 2Hz0 
Y.::..,i~~:~f:> j 2 FeS0 4 + 0 + HzO 
----
2 Fe(OH) S0 4 c..:' / 
' J,r;, 
6 FeS04 + 30 + 3H 2 0 _,._ 2 Fe 2 (S0 4 )3 +z Fe(OH) 3 
2 FeS04 + 0 + 2HzS04 ~ Fez(S04)3 + HzP + HzS04 
\Any fetrJc:._gy_cirg:,~Jc;te formed will precipitate from solution and settle on 
the stream bottom as "_yg_llo.w. .. ba..y.!'. Ferric sulfate may also precipitate out9 
but upon dilution, (pH above 3, at room temperature) hydrolysis will take 
place as may be represented by the equations: [6, 9] 
Fe(OH)S0 4 + 2Hz0 ~ Fe(OH) 3 + H 2So 4 
Fez(S04)3 + 6H20 ~ 2Fe(OH)3~ 3HzS04 
Mine acid drainage is intimately involved with the hydrologic cycle. 
The origin of this drainage is rain or melted snow which has fallen directly 
on or flowed over a strip mine area as overland flow, or which has infiltra-. 
ted the ground to flow through subterranean mine workings [13]. 
"'' ~ How much acid material>:~ is picked up by water on a strip area will be 
influenced by the time of contact with sulfuritic materials. Contact time will 
depend on the number of depressions, permeability, size, slope, shape re-
lative to slope, plant cover, and amount of gob~~>:, material on the strip area. 
acid material: for the purpose of this paper, sulfuric acid and substances 
which are dissolved or suspended in water relatively easily and which will pro-
duce sulfuric acid. 
gob is refuse from coal mining operati,ons often containing a considerable 
percentage of pyritic material. 
\ 
~ 
Infiltration of water which finally finds its way into mine workings is influenced 
by several complex features. The topography, permeability, porosity, pitch 
of strata and the depth of soil cover overlying the mine, frost action, plant 
cover, size of drainage area and weather conditions influence the speed of 
overland flow directly to streams as fresh runoff water and the rate of 
infiltration [14]., 
Once the water has infiltrated the soil surface, there are several 
paths it may take.· It may be returned to the atmosphere through evapora-
tion, particularly if there is an impervious layer just beneath the surface 
soil, or through transpiration - if foliage is presentG In the Ohio basin, 
evapotranspiration accounts for about 20 per cent of the total precipitation. 
There are two other paths which :infiltrated water may take. Either 
one of these may lead to subterranean mine workings. In the zone of aera-
tion, water may move either in a lateral or vertical direction. 
Water moving in a lateral direction is called interflow or subsurface 
flow. A thin soil cover overlying rock or a hardpan at a shallow depth 
below the soil surface favors substantial quantities of interflow[l5]. If there 
is an impermeable rock lens making up the ceiling of a shallow mine, inter~ 
flow may enter the excavation through cracks, £is sures and cave holes. 
Alternatively, if water moves down through the zone of aeration in a 
vertical direction, before it reaches an impervious stratum above a mine, 
it may reach the zone of saturation and become part of the ground water. 
If any part of the mine excavation is below the water table~ it is quite 
likely to contain ground water. This water is most likely to move 
toward the mine excavation in a lateral manner and enter through the 
ceiling, wall~, or possibly in some cases through the floor· of the 
mine. This discharge of ground water into the mine would be similar 
to a spring discharging from the side of a hill. 
The replenishment or recharge of these zones will be the :result 
of the joint action of two forces: molecular attraction of .the waHs of 
the interstices through which the water passes in its descent; and 
gravity. The amount of recharge of a water bearing formation de-
pends largely on the extent of the permeable intake area at the ground 
surface~ Local precipitation on this area is the most important source 
of recharge [14]. 
Percolation, water movement within the soil, of either interflow 
or ground water is considerably slower than surface runoff. Ground 
water flow, which is particularly slow, may be transmitted only a 
few feet per year. This slow movement of water varies considerably 
depending upon the soil character. 
When the ground water is high, the various channels of discharge, 
which would include mines that intersect the ground water table, tend 
to maintain a balance between inflow and outflow. Then, during dry 
periods, the natural discharge is reduced as ground water levels fall, 
and the outflow may even cease [15]. Some aquifers draining through 
mines function chiefly as reservoirs and others chiefly as conduits, but 
8 
a a~,. --~,_, ____ .;...;. ____ ;;.:;,;,.,;.., _____, .. , ...,,, ___ , ... __ tt __ , ... ,,.au,e.i~-•1a• _..,.,..,,. __ .,. '""'""*""illi ______ tlillst ____ _ 
all have some of the properties of both [14]. The larger the underground 
aquifer, and the greater the proportion of mine drainage coming from 
ground water, then the less the fluctuation in flow. Drainage coming from 
interflow is likely to be noticed by an increase in flow for three or four 
days, after a heavy rain. 
It is also possible for surface waters, including overland flow, 
brooks and streams, to enter underground excavations directly (or nearly 
so) through shafts, openings along the outcrop or else through cracks, 
fissures and cave holes in the ground resulting from subsidence of the 
surface [3, 13, 16]. As mentioned previously, these breaks in the ceiling 
of a mine also enable wate! from interflow to enter the mine, so that there 
will be many cases where water entering a mine is a combination of both 
interflow and direct surface runoff. 
The direct entrance of surface flow into a mine happens very 
quickly relative to interflow and ground water. Such water is lik~ly to 
have the characteristic peaking that is seen in streams after a heavy rain. 
Mines with thin coverings are usually more susceptible to drainage 
from surface flow than deep mines. It is possible, however, to have 
such water in a deep mine where the overlying strata has been broken by 
a fault, shaft sinking, or bore holes. 
Several mining operations and geological changes are conducive to 
an increase in mine acid drainage as will be pointed out. It is generally 
agreed that subsidence of the overburden resulting in cracks, fissures, 
9 
I 
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and faults causes the most significant seepage into the mining works. 
In new mining operations, the mine drainage is often minimal. It is 
)'-
only after pillar robbing '" has begun that the most destructive subsi-
dence occurs, and subsequently large volumes of water seep into the 
mine. [3, 13, 16] Not only is the volume of water draining from a 
mine increased by subsidence, but also the concentration of acid is 
likely to be increased, for any disturbance to the geological formation 
that results in an increased exposure of the sulfuritic materials to 
air and water causes an increase in acidity [17, 18]. Most mine acid 
drainage comes from pillar robbed areas. From 60 to 90 per cent 
(most agree on about 7 5 per cent) of mine acid pollution is attributable 
to abandoned mines. [3, 19]. 
Recovery of streams polluted by mine acid drainage to water 
. 
having a pH of 5. 5, which is closer to the natural conditions of aquatic 
life, is principally achieved by dilution [20, 21]. As the mine acid 
drainage is diluted, oxidation and hydrolysis of the dissolved sul-
furitic compounds continue while much of the iron is precipitated 
out along the stream bed. Neutralization does not take place until 
* pillar robbing: to take out pillars of coal from a mine as a fin.al 
operation before abandonment. 
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diluting waters from tributary streams carry sufficient alkalinity to 
overcome the strong acidic buffering power of mine acid drainage. 
Unfortunately, most streams in the anthracite coal fields and some 
in the bituminous coal fields are in contact only with sandstone,_ shale, 
and coal. As a result, the buffering capacities of streams in these 
areas are low. Bicarbonate concentrations are only about 10 - 50 
mg. /1 [ZO). Any alkaline minerals on a stream bottom polluted by mine 
acid drainage are quickly coated with ferric hydroxide and the deriya-
tive metal sulfate, so that natural neutralization is thus eliminated. : 
Preventing the formation of mine acid drainage has been attempted 
by eliminating oxygen, so that the oxidation of pyrite will be deterred; by 
diversion of fresh water surface runoffJ from coal mine workings; and 
by limiting the time of contact between water and pyritic oxidation pro-
ducts. Several methods have been used to accomplish the above goal. 
The most prominent or promising methods of prevention are discussed 
herein. 
All sulfuritic material may be separated from non-acid producing 
materials, compacted into piles or layers and enclosed in an impervious 
clay-like soil, so as to eliminate the passage of oxygen am water at the 
top, bottom, and sides of the pile or layer. 
11 
Completed strip mine activities should be followed by backfilling to 
seal off the exposed faces of both the coal and adjacent pyritic material. 
The area should be graded to conform to the local terrain, but with no 
depressions in which water could pool. Gob containing pyritic material 
might best be handled by compaction and enclosure in a clay envelope 
at the base of a high wall under the graded surface and, by all means, 
not in the path of any observable seepage. Preferably, the grading 
should be covered with a layer of clay and then a layer of top soil which, 
prior to stripping, could have been scraped off and saved. Finally, the 
area should be limed, fertilized, and seeded with a cover crop such 
as Balboa rye, Kentucky 31 fescue grass, o.f Korean lespedeza [22]. If 
evergreens were to be grown on the strip area, contour furrowing or 
terracing would enhance quicker growth [23]. A combination of both 
grass and tree covers appears possible. Of course, contour furrows 
would be conducive to the seepage we are trying to eliminate; but it 
would be helpful in reducing .erosion; and until the grass took root, 
the area would be quite open to .erosion. 
It is also necessary to divert all surface runoff not originating 
on the strip area. This might also be done during excavation, parti-
cularly around the high wall. Drainage from deep mines should be 
sealed off from strip areas. The above methods allow a minimum 
amount of water to come into contact with sulfuritic material [12, 19]. 
12 
1t was previously' mentioned that local precipitation on the permeable 
intake area at the ground surface is the most important source of recharge 
to the water table and the zone of aeration. Therefore, unless the whole land 
area above a mine was covered with an impermeable material, it appears 
that only one potential source of water entering a mine could be controlled 
with any degree of success, direct surface runoff. 
Control of direct surface runoff has been practiced for many years by 
the coal mining. industry, probably for the purpose of facilitating mining 
operations. 
Wherever surface water channels or bodies of water overlie mine 
works, there is likely to be seepage [ 3, 13, 16 ]. Therefore, special care 
not to cause subsidence has usually prevented such seepage. Where cracks, 
fissures, or faults do exist and lead to the path of surface runoff_,. diversion 
of flow or sealing of these portals of entry has reduced the direct entrance 
of some seepage into mines (3, 16]. Therefore, direct surface runoff can 
be diverted, thus reducing mine drainage from this origin. 
Recently ORSANCO [22, 24] reported on a case history whereby a 
chemical grout produced by American Cyanamid Company, called AM-9 
( a powder mixture of two acrylic monomers, applied in an aqueous solu-
tion forms a cross linked polymer) renders soil and rock formations im-
permeable to water. The compound was used to fill the leaks in the rock, 
roof, and ribs of a mine tunnel. It was successful at sealing. No lim.ita-
tions to its general application were given, no follow-up reports were 
13 
found, and no other information has been found on.its usefulness as a seal. 
If it continues to be successful, seepage from groundwater, interflow, and 
direct surface runoff may be stopped. 
A program for sealing covered mines was first attempted by the U.S. 
Public Health Service in the 1930 1 s [ 4]. Prior to and after this, some 
coal companies undertook limited mine sealing projects. Various private 
and government investigators have conducted mine sealing research ex-
periments since then; some of these include Mellon·.· Institute, ORSANCO, 
and the U.S. Bureau of Mines. 
The seals have been of two types and appear applicable only to 
abandoned mines. One type attempts to eliminate oxygen from the mine 
atmosphere, thereby reducing or eliminating oxygen from the water within 
the mine works, while mine drainage is permitted to continue discharging. 
This is accomplished by permitting water to flow under a partially sub-
merged barrier which may be suspended from the ceiling and sides of 
the mine entrance. Just outside the mine, a small wall pools the mine 
drainage to submerge the bottom edge of the barrier. It would, of course, 
be imperative that all openings into the mine from the atmosphere be 
sealed off. 
The second type of seal also attempts to eliminate oxygen, but 
through complete flooding of the mining works. This also attempts to 
stop all flow from the mines. These attempts are accomplished by 
blocking off all entrances and, if they can be found, sealing off all 
fractures in the mine covering. 
14 
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Except in isolated cases, neither method has been very successful 
with drift mines. Oxygen has been in some cases reduced, but not enough 
to greatly change the amount of acid formed; this includes mines with a 
minimum covering of more than 150 feet. Apparently, the cover over 
most mines is too fractured and porous to eliminate oxygen [19, 25]. Also, 
completely flooding a drift miri~ blocked off at the entrances appears to 
be quite difficult. For the most part, such mines are likely to be above 
the water tables so that seepage from under the seal may continue. Thus, 
the water depth never increases more than a few feet above the floor. 
In the case of one such experiment, the drainage actually increased in 
acid concentration, for the mine water came into greater contact with 
s:ulfuritic material as the depth of water increased [ 26 ]. 
Deep shaft mines present a different result. They are for the most 
part below the groundwater table; therefore, complete flooding is much 
more possible. Such flooding seems to have been quite successful in 
preventing the formation of acid. In these cases, the coal seam and ad-
joining sulfuritic materials must be submerged deeply enough in the mine 
water so that oxygen is completely absent. No oxidation will take place; 
therefore, no acid is produced. This method of prevention is effective 
only if the mine is permanently submerged [12, 19, 25]. 
After water·has ·come into association ·with sulfuritic matter,· time 
of contact is important in determining how much acid material will be 
15 
picked up. Efforts have in a few cases been made to remove water from 
a mine as soon as possible. This has been done by channeling water 
through the mine-with a minimum contact between the water and the acid 
products. Also, water may be pumped from the mine with a minimum of 
time after entrance [27]. The method appears suitable to active mines 
as a means of reducing acid pickup. No incidence of the use of such a 
method was found for abandoned mines. The results of experiments on 
such research has not been found. 
Several chemicals have been applied to the pyritic materials of 
coal mines as antioxidants. Some of them include ammonia gas, phos-
phates, chromates, and sodium hydroxide. None of them have deterred 
or stopped oxidation [28]. 
It has been found that holding mine acid drainage in an impound-
ment over a long period of time decreases the acid, iron, and sulphate 
content [l]. The aging of mine acid drainage might take years for 
adequate quality to result if the original quan,tity of acid is very high 
and high acid drainage continues to be discharged into the in:ipound-
ment. Like other methods dealing with the solution to mine acid 
drainage, impoundment is not a blanket remedy, but it may be a 
solution in some situations. In other cases, too much water may have to 
be impounded for too long a time. 
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Although neutralization is not the method best suited to solve the 
problem of mine acid drainage, it does have its merits in individual 
cases such as coal br,eaRer plants, where acid water is corrosive to 
equipment. High quality limes seem to be the most effective neutrali-
zers, either as a concentrated lime-water mixtur~ or as a slurry, 
that is fed into a storage reservoir or fed directly into the breaker 
pumping system. 
Along with neutralization, sulphates and bicarbonates of iron may 
be removed. Iron bicarbonate may be formed by mine acid waters 
seeping. through carbonate-containing strata. As the acid or iron sulfates 
are neutralized, corresponding amounts of carbon dioxide are liberated. 
,I 
If the extent of neutralization is sufficient to neutralize the free sulfuric 
acid and part of the ferrous sulfate, the resultant water will contain a 
large part of its iron in the form of ferrous bicarbonate [29]. The mine 
water could be either acid or alkaline. 
The removal of ferrous iron involves oxidation, settling, and 
filtration. If the mine drainage is still acid, it will have to be neutrali-
zed with lime first. Then aeration may be used to oxidize the ferrous 
iron to the ferric state with subsequent precipitation and filtration. Aeration 
will also remove carbon dioxide. The free acid generated by th·e 
hydrolysis of ferric sulphate greatly retards the oxidation of ferrous 
iron by aeration; therefore, the free acid must continually be removed by 
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repeated neutralization and subsequent precipitation and filtration. Such 
cycles may be repeated until a neutral water is obtained with low jron 
content [ 6 ]. 
Oxidation of ferrous iron may also be implemented by chlorination. 
catalytic oxidizers, such as copper sulphate, and by a galvanic couple 
placed in the contaminated water. 
Softening by the cold lime-soda process may also be included 
with neutralization and iron removal. In this method, lime and soda 
ash are added at the rate of one equivalent of sodium carbonate for 
each equivalent of calcium non-carbonate hardness and one equivalent of 
each sodium carbonate and hydrated lime for each equivalent of 
magnesium non-carbonate hardness. 
The xeolite process or sodium cation exchanger would also be 
applicable to softening mine acid drainage. In the process, calcium 
and magnesium are taken up and held by the cation exchanger which 
simultaneously gives up an equivalent amount of sodium. This would 
have to be used after neutralization and iron removal so that only cal-
cium and magnesium would be removed. 
~ 
// Braley studied the relationship between fluctuations in flow,. 
pH, acid concentration, and pounds of acid discharged from a mine. 
He found that II the delivery of acid from mines follow regular patterns, 
varying in degree and not in kind when sampling intervals are short and 
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are sufficiently continuous to establish the pattern. Since they deal 
with water flow that is dependent upon precipitation and groundwater 
levels, they fluctuate with seasonal and daily precipitations. Annual, 
semi-annual, or quarterly sampling lead only to highly erroneous- con-
clusions. 11 [18] Prior to his work, it was assumed by some that the 
weight of acid delivered by a mine was roughly constant, and that in-
creased flow diluted dissolved substances in the drainage water. In-
stead, he found that the curves representing fluctuation in flow and the 
pounds of acid delivered by a mine "parallel each other closely, indicating 
that acid delivery is almost directly proportional to flow. " [30] The acid 
concentrations or acidity varied· considerably, but not enough to discontinue 
the pattern of relationship between flow and pounds of acid -discharged. 
However, it was also observed from his charts that a prolonged pe:riod 
of a relatively low magnitude of mine drainage, followed by a sharp 
increase in flow usually brought about a small increase in acid con-
centration and, therefore, a very large increase in weight of acid 
discharged. With subsequent periods of high flow coming within a short 
period of time; the concentration of acid decreased moderately to 
greatly. Therefore, although the weight of acid discharged increased, 
it was not as great as the acid discharged in the first instance of high 
flow. Braley attributed the increase in acidity to 11a general reaction to 
rising water, 11 probably due to flushing out of acid material, which was 
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produced within the mine during the low flow season and which pre-
viously had not been in contact with water flowing through the mine [30, 
31). 1 
Braley also showed similar fluctuations between each mine with 
respect to acid concentration, season, and corresponding flow. Be-
ginning at the end of the high flow period, the end of March, the acid 
concentration or acidity was lowest. During the dry season as flow 
continued to decrease, the acidity tended to increase. For each mine 
a maximum acidity was reached durlng the first significant increase in 
flow, which occurred between the end of October and the beginning of 
the following January. The acidity decreased to its minimum by the 
end of the high flow season. Of the four mines he reported on, only one 
did not fluctuate in the observed manner of the others. Although sea-
sonal trends show up, they vary in· degree from one year to the next [ 30). 
It must be remembered that the above findings are only general 
trends and that each mine is somewhat an individual case. An investi-
gation on streams receiving mine acid drainage revealed that extreme 
low-water stages could greatly increase acidity, but not in all cases (32). 
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METHODS OF INVESTIGATION 
Sampling 
. The sampling bottles used were a type used by the U.S. Geological 
Survey (33]. These bottles were of ~'citrate oftbagnesia" glass with an 
attached rubber washer stopper for sealing. Two sample bottles were 
used for collection at each of the various mines and sampling locations. 
One bottle filled to the top or nearly so was for the determination of pH, 
alkalinity, acidity, hardness, and sulfate. The other bottle, for the 
determination of iron and aluminum, was filled with 200 ml. of sample 
and fixed with 2 ml. of cone. HCl. All samples were held at or slightly 
below mine drainage temperature, 10° C. until analysis. Then they 
were allowed to warm up to room tempera~re and tests were r.un 
immediately thereafter. The lapse of time between collection and analysis 
was not over one week. 
Alkalinity: 
. pH: 
Tests 
The alkalinity, as described in "Standard Methods 11 
[ 34], of all the acid sources was zero on all occasions. 
This was the'. first, .determina..tion made· • 
It was me~sured in the laboratory using a Beckman 
Model 1381 pH meter. A check was made between 
pH readings in the field using a Beckman Model G 
pH meter and determinations made in the laboratory. 
Excellent correlation resulted. 
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Acidity: 
Hardness: 
Total acidity at boiling point was carried out as 
described in "Standard Methods". Due to the 
.high acidities encountered in mine acid drainage, 
a N/10 sodium hydroxide solution was used as 
a titrant. Phenolphthalein was used as a guide 
in titration, but the accepted end point was 
pH 8. 3 as indicated by a pH meter equipped 
with amber glass and silver-silver chloride 
reference electrodes. Selvig and Ratcliff (35] 
reported- that the appreciable amount of calcium 
sulfate usually found dissolved in mine acid 
drainage was not hydrolized by sodium hydroxide 
or •sodium carbonate. Therefore, the presence 
of calcium sulfate.does not affect the determina-
tion of total acidity. Braley reported no 
appreciable change in total acidity with the age 
of a sample [36]. 
This test was run by the EDTA (ethylenediamine-
tetraacetic acid) titration method as described 
in "Standard Methods". The buffer solution was 
prepared as directed. Inhibitor III, hydroxylamine 
hydrochloride dissolved in isopropyl alcohol, was 
-
used to counteract interference from iron and 
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* 
Sulfate: 
Iron and 
-
• a 
-· 
aluminum. An indicator powder, Man Ver II, 
ttt:# 
..,_ 
,,, 
composed of Chrome Black T and an inhibitor, 
was used to determine when all of the hardness 
causing ions were complexed with EDTA. Excess 
EDTA complexes with the indicator causing a 
color change from red to blue [37]. Due to the 
color interference from precipitating iron, most 
analyses were made on 2 ml. sample portions 
added to distilled water to make up a 50 ml.-
aliquot. 
This test was a modification of the turbidimetric 
method described in 11Standard Methods". Sulfa 
Ver* powder was added to the samples forming 
barium sulfate crystals of uniform size. The 
suspension was then placed in a Hellige photo-
electric colormeter and the resultant turbidity 
was compared with a standard curve of per cent 
light absorbance versus mg. /1 sulfate. 
Aluminum: A combined test was run for these elements 
using ferronorthophenanthroline. Beers Law 
was applicable and the test was developed from 
Trade name, from Hach Chemical Company. 
.. , 
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( 
reports by "Standard Methods". [ 34] Davenport { 38], 
and Rainwater (33]. Ferron (8-hydroxy 7-iodo - 5 -
quinoline sulfonic acid) reacts with aluminum to give 
a complex that absorbs light in the ultraviolet range 
of 370 millimicrons. The absorbance was read on 
a Beckman Model DU spectrophotometer, and com-
pared to a standard curve of absorbance versus 
concentration for determining aluminum concentra-
tion. Orthophenanthroline was used to complex 
the iron and minimize its interference on the alu-
minum test. This gave the added advantage that 
iron concentration could also be determined. At 
a wave length of 2po millimicrons, the absorbance 
' 
' 
of iron was read on the spectrophotometer and 
compared to a standard curve for iron. With 
::~ 
the iron content known, a correction factor (Cf) 
was applied- to the aluminum concentration. This 
was necessitated by the high color interference 
from the iron orthophenanthroline complex. The 
magnitude of this correction depends on the con-
centration of iron as illustrated by its. use in the 
_ Apparent Aluminum concentration 
Iron concentration 
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following equation: 
~
ctual con- =.-
entration of 
Aluminum 
mg/1) 
Apparent concentra-
tration of Aluminum 
(mg/1) as determined 
by spectrophotometer 
reading and standard 
curve of absorbance 
- [ Gi] X~oncentrJ 
tion of 
Iron(mg/1) 
vs. ,Aluminum concen~ · 
tr.ation 
The Cf is also calculated from the above equation. The 
apparent aluminum· concentration is determined by 
reading the indicated absorbance on a spectrophotometer 
and corresponding concentration for a standard iron 
solution having a known iron content and a zero aluminum 
content.. Instead of making absorbance readings at a 
wave length of 520 mu (the wave length of iron}, ab-
sorbance readings are read at 370 mµ (the wave length 
for aluminum); then, the resulting apparent aluminum 
concentration is read from a standard aluminum curve. 
The actual aluminum concentration will be zero; there-
fore, Cf may be solved. 
Flow Measurements 
Weir Construction: 
Weirs were cut from 1/2 inch exterior plywood and sealed with an 
asphaltic compound. The weirs were 2 feet high and 5 to 8 feet in 
length depending on the width of channel from the mine. All the w.eirs 
had 90° angles and a maximum head of LO to 1. 5 feet. Each weir was 
leveled at its location and braced with 2 11 x 2 11 stakes (see Figure 1). 
The up stream side of each weir was dug and cleared if necessary, 
and a layer of mud and clay was spread over this section for several 
feet from each weir. Over this a sheet of • 004" polyethylene was-
placed which was made flush against the weirs and tacked along the 
top edge. Clay and gravel was used to hold the polyethylene sheets in 
place. This resulted in a good seal. 
At the time the weiTs were installed, the flows were--quite-low, 
none having a head of over 3.5 11• At these low flows, due to the 1/2 11 
thick crest, the nap was not always able to spring fully free from the 
weir. -Subsequently, modification from a 1/2" to a l/8 11 crest was 
made, using steel bars, l/8 11 x 1-1/4", cut and welded together to form 
right angles. The steel angles were then drilled and countersunk for 
attachment to the weirs with brass screws; before attachment, the 
angles were given four coats of corrosion resistant paint. In each 
case, the attachment of the steel angles reduced the head by about 1/16 11• 
A staff with a yardstick attached was placed in each pool so as to 
facilitate the reading of heads. The staffs were sufficiently back from 
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2 11 x 2 11 braces 
for weir 
I 
l 
I 
I 
I 
I_ 
I. 
Figure 1 Typical Weir 
staff 
1/2" plywood {asphalt covered} 
water surface-...... 
• 004 11 polyethylene 
clay+ gravel 
stream bed 
SIDE VIEW 
1/8 11 x 1-1/4 11 steel ba:.r _____ / 
~ t 
H: 
weir 
5' to 8 1 
clay 
FRONT VIEW, (looking toward mine entrance) 
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the weirs, so that drawdown would not influence staff readings. Zero 
head reading on each staff was found by standing the end of a thin ruler 
in a vertical position on the vertex of each weir notch and by eye ob-
serving where the pool level coincided with the ruler and the staff.· 
This was repeated at several different flows and the average taken.' 
The range of values for zero head readings was within • 03 inches 
which would result in a flow error of not over 1. 0 per cent at low flows 
and negligible error at high flow. 
Flow Formula: In computing flows for heads above .15 foot, the equation 
Q : 2.49H 2• 48 (c£s) 
was used. With the weirs installed for this study, the velocity of 
approach did not exceed. 3 fps and contraction at bottom, sides, and 
top was satisfactory. 
Several of the flows recorded were sufficiently low to cause 
adherence of the nap to the weir. Cone [39] reported that a head of 
.15 foot over a 1/4 11 thick crest would have water adhering to the nap, 
but that at • 2 foot there would be free fl.ow. 
Experiments in the laboratory showed that with a crest thickness 
of l/8 11, free flow existed for heads down to about .156 foot. Flows were 
measured for heads below .15 foot and from this data a representative 
equation was found by using log-log paper. The equation determined by 
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using this procedure is shown below and was used for heads less than 
• 15 foot. 2. 23 
Q = 1. 75H {cfs) 
Stream Flow: 
The total flow of the Creek was determined at station 2A on 
January 4, 1966, as indicated in Figure 2. Shown are cross-section 
profile, velocities at diff~rent points across the stream, approximate 
cross-sectional areas at the points of velocity measurement, and 
corresponding quantities of flow. Velocities were measured with 
a Gurley Pygmy Flow Meter. Flow measurements have been made 
at this location several times since January. 
Other Flows: 
On January 4, 1966, several flow measurements were estimated 
at several points of small drainage (low discharge) other than at the 
weirs. This was accomplished by collection of water in a c·alibrated 
bucket over a measured period of time. 
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General Map of the Left Fork 
of 
Little Sandy Creek. 
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Area Description 
The Left Fork of the Little Sandy Creek, hereafter referred to as 
the creek, meanders down from Tunnelton in the northeast section of the 
basin for some six miles to Fellowsville at" its mouth. At this point it 
joins with the Little Sandy Creek, tributary to the Tygart River. The 
entire length of the creek is through a rural area. 
The area of the basin is approximately seven and three -fo~ths 
square miles, and flow in the head water of the creek during dry· 
periods is almost exclusively mine drainage. 
Presently, there are no active mining operations in the basin. 
• i 
Mines draining acid are located in the upper half of the basin, near 
Kanetown. 
The total number of mine workings and other potential sources of 
acid is forty-seven (47), including one large and two small -strip areas. 
Of these, at least thirty-two (32) produce acid at some time during the 
year. On assigning numbers to some of the mine entrances and sources 
of acid drainage, it was convenient to assign only one number to several 
sources if they were closely associated in some manner. 
Description of Mines and Sampling Locations 
Source numbers correspond to circlet! numbers in Figures 1 and 2. 
Source Number 
' 
1. Located about 30 feet from the road near a bridge. The entrance of 
this mine has fallen in. A small stagnent pool was present at all 
times, but there was no flow from the mine. 
xa_) 2±.:..::uomx.;  a:a, ex ewaao 
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2. A series of at least five mine entrances situated in the right bank of 
the Left Fork of Little Sandy Creek~ near the "McGee" farmhouse. 
Some iron hydroxide stain is present at the entrances of these mines, 
but flow is so low that it would be difficult to collect samples even 
during a wet season. All of the entrances have fallen in. A tipple 
was still standing at one of the entrances. Samples weic_e taken from 
the creek above and below the mines and designated 2A and 2B. 
3. These mine entrances drain into a small ephemeral brook which until 
the beginning of October flowed only with mine acid drainage. Fresh 
water flow diluted the acid drainage during periods of-wet weather. 
There is evidence of at least eight mine entrances having existed 
along the brook. All of the entrances have fallen- in. Acid drainage 
from these mines is not concentrated at any one location. There was 
a dispersed leeching of acid all along the brook bank. Therefore, 
weirs and sampling stations· were set up at 3A, above the ~cid sources 
and below the sources at station 3B. The net result of the acid from 
this area is obtained by subtracting the fresh water acid load at 3A 
from the acid load at 3B. This calculation is shown as 3(B .. A) in 
'I'able 1 and in Figure 5. 
After the leaves were off the trees, three more sources of 
drainage were found below the weir at 3B. Sampling the brook at 
these additional sources of acid showed an increase in acid. The 
locations of these mines with respect to the weir at 3B were 
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designated 3BB .. 100 feet below 3B and 3BBB - 400 feet below 
3B. A sample with a designation of 3M was occasionally taken 
near the mouth of tlie brook. 
4. This is a small mine with some iron hydroxide present, but only 
slight flow even in the wettest season. The entrance is partially 
fallen in. 
5. This is a small mine and was dry most of the time. A tipple stood 
at the entrance. 
6. This mine entrance is at the end of a large strip mine area and 
is distinguished by a vertical air shaft, some 30 feet tall, built 
over its entrance. The other end of this mine exits in the town of 
Tunnelton, about one and one-half miles distant. The entrance is 
about five feet high. One may walk into the mine for perhaps one 
hundred feet. Considerable quantities of mine refuse are spread 
out near this mine. A large deposit of ferric hydroxide is in front 
of and down fl.ow of the mine. During the investigation, flow was 
continuous. A weir was placed within the air shaft. 
7. Here there are two mine entrances\ at the edge of the large strip 
mine area. The entrances are still open and are about five feet 
high. Tracks lead from one of the mines to a tipple. Piles of 
refuse, coal cars, and other mining machinery were nearby. 
8. Two mine entrances each about four feet high located at the edge of 
a small area. There was no mdication of iron hydroxide, but there 
was some flow from one of the openings after heavy rains. The 
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remains of a tipple and considerable refuse was -spread out in piles 
near the entrances. 
9. One fallen-in mine entrance ·which had only slight drainage during 
the wet season. A tint of stain was present in the brook below this 
mine. 
10. Two partially caved-in mine entrances. located behind the "Reel" 
home. Flow from these mines was limited to the consequence of 
heavy, extended rainfall, and then flow was very meager. The 
sample and flow estimate for these mines include surface-water 
runoff. 
11. A weir was placed outside the caved-in entrance of this mine. In 
the driest season, it had one-of the highest flows of acid drainage 
in the entire basin. 
12. Three caved-in mine entrances· only one of which had acid drainage. 
Drainage was small even after a heavy rain. Location is about 
300 feet back from the Kanetown Road. 
13. Same description as Number 12; but they are located across. a brook 
from the air shaft of Mine Number 6. There was considerable 
mine refuse spread out near the entrances. 
14. A small mine completely dry with no sign of drainage. Located 
about 1500 feet north of Fellowsville (not shown on either map). 
15. A large cavity along the left bank of the creek in a steep· rock cliff 
which runs for a distance of about two hundred (200) feet. The 
cavity at maximum height above the creek is about eight feet. 
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Along the back of the cavity, a vein of coal is at water leveL' There 
was no evidence of commercial mining. Collection stations above 
and below this length of creek were designated 15A and 15B respectively. 
16. A vein of coal paralleling the creek, about 30 feet long and located 
about 300 feet upstream of Nu:mber 15. No drainage was apparent. 
17. A completely dry mine without iron hydroxide stain. Located on 
the right side of the creek. 
18. A completely dry mine without iron hydroxide stain. Located on 
the left side of the creek. 
19. A very small strip area upon which the 11Wolfe 11 home is located. 
Some stain was present, but no flow was observed to come from 
this area. Apparently no action has been taken to attempt to re-
cover the mined area. 
20. A weir was located at this single mine entrance. In the dry season, 
acid flow continued, and there was an extensive build-up of ferric 
hydroxide. i The mine entrance was still open. Deposition has 
reduced its height to about three feet. There was an abundant 
slime growth at the entrance of the mine. Drainage flows a dis-
tance of about 300 feet and then mto the creek. 
21. Samples were taken from along the base of the large strip area, 
near the vertical air shaft of Number 6 where yellow boy stain 
was evident. During the dry season, acid seepage came from 
under the large strip mine area. Depressions were dug to collect 
water for sampling. After extended rainfall, runoff from the top 
of the large strip area flowed through this point and was included 
in the samples. The strip mine area had been leveled to some ex-
tent, and locust trees had been planted. A few of the trees·were 
still alive, but the reclamation effort could not be considered a 
success. 
22. Although the flow was nil during the dry season, a weir was placed 
outside the entrance of this mine in expectation of·high flow, which 
was indicated by a large deposlt of ferric hydroxide. The entrance 
opening. is about four feet high, and is located near an ephemeral 
brook about one-fifth mile from the 11Wolfe" house. 
23, A weir was placed .here, as acid flow continued during the_ dry 
season and there was a large accumulation of ferric hydroxide. 
Flow from.this mine moves up from under the caved-in entrance. 
24. This caved-in mine entrance had no drainage during the dry season, 
but after extended heavy rainfall, it had the highest flow recorded 
from any mine in the basin. There was a large deposit of ferric 
hydroxide spread out in front of the entrance. It is located between 
Mine Numbers 11 and 23, along an unpaved road. 
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25. This mine had some ferric hydroxide stain, but no flow was observed 
in the dry season. Some acid drainage existed in the wet season. 
The entrance was still open and about four feet high. 
26. This sampling point was near a tipple, located about 150 feet 
south of Number 21. Flow existed here only after heavy ex-
tended rains and was the result of runoff from the large 
strip area. Flow included drainage from Mines Number 7. 
27. This sample was taken from a small drainage at a point 
close to Mine Number 11, and included surface runoff and 
seepage. No stain was present, and it was dry except 
after a heavy rain. The character of the water indicates 
that the source is a mine. 
28. This drainage resulted from test holes located about_ one-
fifth mile· soutlf: of the "Mercure" house. 
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RESULTS OF STUDY 
Collection of samples began in July, 1965, and a compilation of all 
data is shown in Table 1. Flow measurements were attempted with a 
Pygmy Flow Meter on· several occasions, but flow was not sufficient 
£or accurate measurement. Weirs were then made and instaJled at 
the seven important mine entrances by the end of October. Sev-eral 
attempts have been made to correlate data from the most important 
sources of acid drainage with the acidity and flow in the Left Fork of 
Little Sandy Creek. 
Some of the similar patterns observed among. the mines may 
_ not be applicable to Mine Number 3 in the following-discourse, for 
as mentioned previously, sampling was not directly from this mine~ 
Therefore, unless otherwise stated, blanket statements shall apply 
to all the mines, but not necessarily to Mine Number-3. 
Half of the data collected for this study is representative-of 
low flow conditions. Low flow existed before sample collection 
began in July and continued into either November or December, 
depending on the particular mine. Runoff during this time was also 
low. Local precipitation first produced a noticeable increase in 
runoff during October; however, no significant increase in flow 
from the mines was observed until December. In all cases, the mine 
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effluents increased from their initial respective-low acid concentrations 
or acidities {mg/1 as CaC03) observed at the beginning of July,, 1965, 
to their maximum observed value in November or December, and then 
declined to the minimum concentrations observed in April, 1966.- The 
discharge from these mines has continued to increase since December 
to the maximum observed in mid-February (except Mine No. 22) and 
thereafter fluctuated between the minimum and maximum flows. All 
mines delivered their minimum concentration of acid during the-'-latter 
part of April and the first part of May, during what appeared to be the 
end of the high flow period. Exceptions to this were the effluents. of 
Mine Numbers 6 and 22 with minimum concentrations observed on 
February 11, 1966, a date of maximum observed flow and acid load 
for Mine Number 6 and all of the other mines studied except Mine 
Number 22. Maximum acid load from Mine Number 22. was observed 
on February 19. 
In general the increase in acid load was linear with respect to 
an increase in flow (see Figures 5 through 11). Acid load was directly 
proportional to flow. With a slight modification in some cases, this 
proportional relationship held both before and after the maximumcflows 
were observed. Most curves of flow versus acidity and acid established 
by data prior to February 11, 1966, did not coincide with the curves 
established after this date; instead, the curves developed by the more 
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recent data shifted slightly to the left. This indicates that for a given 
flow rate, the acidity and therefore the acid load discharged was less 
during the latter part of the high flow period. By extrapolation of the 
average rates of flow and acid discharge, Mine Numbers 6, 23, 24, 
20, 11, and 22 increased their acid load in the range from 3. 5 lb/min. 
to 6 lb/min. for each 1 cfs. increase in flow. 
No specific survey was made ef aquatic life in the area, however, 
algae, apparently filamentous, was observed in a number of acid 
drainages and an abundant population of midge fly larvae were seen 
in the creek just below the outfall of Mine Number 24. On one occasion, 
a live frog and a caddis fly larva with a leaf case were found at location 
3M. This was after a large rain and it is assumed that they were washed 
downstream from the fresh water section of the brook. The pH of the 
water was 3. 6 at location 3M. 
On the following dates, Mine Numbers 3, 6, 23, 24, 11, 20, and 
22 were calculated to contribute the following percentages of flow (cfs) 
and acid load (lbs.' of acid per minute) in the Left Fork of Little Sandy 
Creek at location 2A: 
Date 
1 - 4 - 66 
4- 2 - 66 
4 - 15 - 66 
per cent of Flow 
36 
60 
61 
per cent of Acid Load 
91 
112 
91 
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For the six-month period of November, 1965, through Apri4 1966, 
each mine was ·estimated to deliver the following total flow and acid load: 
Mine No. Flow (ft3) Acid Load (lbs.- CaCO3) 
3 
. 950, 000 21, 300 
6 6,182,000 522, 100 
23 19,761,000 1,168, 100 
24 22, 242, 000 1,493, 300 
. 11 4, 260, 000 344, 300 
20 3, 157, 000 332, 200 
22 623,000 33, 300 
TOTAL 57, 175, 000 3, 914, 600 
This amounts to 1, 960 tons of acid. About 1, 600 tons of hydrated l~me 
costing approximately $42, 000 would have. been required for neutralization. 
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Date 
Mine No. 
7-2-65 
3B 
6 
23 
11 
20 
7-9 
3B 
6 
23 
11 
20 
7-16 
3B 
6 
23 
11 
20 
TABLE 1 
Analysis of Mine Drainage and Flows from the Left Fork of the Little Sandy Creek 
(Mine numbers are keyed to descriptions of Mines and Sampling locations). 
Acid Hard S04 Fe Al Flow Head 
pH (mg/1 (mg/1 (mg/1) (mg/1) (mg/1) (cfs) (ft •. ) Caco3) Caco3) ~ 
2.7 1720" 1470 2880 
3.4 1900 ·549 2650 
2.6 1287 395 1540 
2.6 1109 315 1470 
2.6 1989 462 3320 
2.8 2020 1445 3210 582 72 
2.7 2010 538 2430 ✓ 337 130 
2.5 1558 378 2240 270 76 
2.5 1502 366 1890 247 68 
2.? 2300 485 3600 462 107 
68 3.1 2100 1465 2895 490 
2.6 1980 435 2330 276 142 
2.4 1500 392 2105 286 96 
2.5 1580 363 1920 235 75 
2.6 2405 507 3430 505 110 
--'\ 
Acid 
(lb/min. 
X 10- 2 
Caco3) 
~ 
(Ji 
Date pH 
Mine No. 
7-23 
3B 3.0 
6 2.4 
23 2.5 
11 2.4 
20 2.5 
7-28 
~ 3.3 
6 2.7 
23 2.6 
11 2.5 
20 2.6 
21 3.1 
8-8 
3B 3.2 
6 2.9 
23 2.6 
11 2.6 
20 2.5 
21 3.0 
TABLE 1 (cont.) 
Acid Hard so 
(mg/1 (mg/1 (m~l) 
Caco3) Caco3) 
1960 1453 2980 
1900 427 2960 
1400 326 2180 
1453 418 2180. 
2220 575 3520 
2280 1505 2990 
2065 427 2110 
1660 340 1620 
1510 338 1580 
2510 ·595 3800 
1040 812 1440 
2200 1509 3210 
1950 505 2205 
1345 345 1975 
1405 359 1850 
2205 586 3570 
935 780 1230 
Fe Al 
(mg/1) (mg/1) 
566 76 
312 149 
247 52 
202 95 
485 147 
551 70 
262 128 
213 25.9 
191 66.9 
412 113 
163 26.9 
540 73 
282 160 
291 62 
235 82 
527 132 
178 35 
Flow Head 
(cfs) (ft.) 
Acid 
(lb/m~n. 
X 10-
Caco3) 
..:-
()"\ 
Acid• 
Date pH (mg/1 
Mine No. 
Caco3) 
8-13 
3B 2.8 1840 
6 2.6 1940 
23 2.4 1385 
11 2.4 1305 
20 2.5 244o 
21 3.0 985 
8-24 
3B 3.1 2010 
6 2.9 2290 
2, 2.8 2140 
11 2.8 1743 
20 2.8 2740 
9-14 
3B 2.9 1750 
6 2.5 1805 
23 2.6 1790 
11 2.6 1680 
20 2.7 2630 
TABLE 1 (cont.) 
. Hard S04 Fe (mg/1 (mg/1) (mg/1) Caco3) 
1520 3400 420 
495 2410 291 
363 1910 265 
7;'36 1870 226 
570 3700 452 
790 1360 183 
1610 3340 380 
320 2760 296 
375 2340 300 
420 2080 249 
685 3635 520 
1530 2480 390 
660 2520 297 
380 2250 289 
420 2360 237 
530 3800 510 
Al 
(mg/J.) 
70 
135 
102 
79 
125 
42 
66 
158 
113 
105 
156 
68 
155 
104 
98 
142 
Flow Head 
(cfs) (ft.) 
Acid 
(lb/min. 
X 10-2 
Caco3) 
~ 
--.J. 
Acid 
nate pH (mg/1 
Mine No. Caco3) 
9-25 
3B 2.9 1640 
6 2.7 1980 
23 2.4 1650 
11 2.5 1595 
20 2.6 2525 
21 2.9 836 
2.6 1800 
24 2.8 1440 
10-5 
3B ~.2 392 
6 2080 
23 1878 
11 1740 
20 2700 
10-21 
3B 3.1 562 
6 2o3 2183 
23 2.7 1800 
11 2.7 1763 
20 2.5 2640 
Hard 
(mg/1 
Caco3) 
1180 
710 
405 
350 
430 
290 
340 
25 
308 
480 
455 
300 
780 
440 
610 
580 
545 
515 
TABLE 1 (cont.) 
so4 Fe Al Flow Head Acid 
(mg/1) (mg/1) (mg/1) (cfs) (ft.) (lb/min. 
X 10-2 
Caco3) 
3250 286 48 
2460 294 151 
2360 281 102 
2085 249 97 
3680 506 156 
1670 .. 191 -., 24 ,. 
2360 .- ·Sample· £'.roll·:·Left Fork -:'Little Sandy- Creek.at 100 
1 - , ·;.ad , re,t: .below junction with Mine No. 20 effluent .• 
2070 
1000 62 12 
3900 308 173 
2620 336 112 
2700 226 83 
4680 448 138 
1360 364 70 .03 6.3 
4000 295 138 .08 65o5 
2690 287 102 
2585 339 95 
4430 501 132 
>+'>-
00 
TABLE 1 (cont.) 
Acid Hard so4 Fe Al Flow Head Acid Date (mg/1 (mg/1 (mg/1) (mg/1) (mg/1) (cfs) (ft.) (lb/min. Mine No. pH Caco3) Caco3) X 10-2 
Caco3) 
10-30 
23 2.45 1895 495 264o 350 108 .0575 .219 40.08 
24 2.8 1752 567 2085 378 99 .0051 .073 3-3:J 
11 2.5 1818 488 2450 320 102 .107 .286 72.8 
20 2.6 2785 698 3820 564 167 .032 .1667 33.42 
22 2.6 2386 100 3040 533· 146, .000015 .0052 .01 
11-9 
3A 6.4 9 62 24 .087 .096 .054 .2138 .18 
3B 3.0 387 401 800 68.5 13.6 .0615 .2249 8.91 
3(B-A)* 8.73 
6 2.7 2270 637 2600 360 192 .074 .242 62.9 
23 2.5 1900 494 2715 318 113 .071 .2384 50._c;i:; 
24 2.7 1800 547 2480 470 138 .00295 .05625 1.99 
11 2.5 1938 512 3000 332 130 .093 .2658 67.4 
20 2.5 2950 766 4720 632 190 .0232 .1520 25.62 
22 2.6 2285 455 3315 480 145 
11-18 
3A 5.7 8 65 13.9 .097 .1595 .161 .3310 .48 
3B 3.4 185 206 293 33.95 9.35 .167 • 3-z..r:.,7 11.59 
3(B-A)* .006 . 11.11 
6 2.8 2205 533 2110 377 196 .0765 .2445 63.15 
23 2.6 1742 500 1800 328 102.8 .079 .2480 51.~ 
24 2.9 1821 548 2280 471.5 124 .0038 .0635 2.60 
11 2.6 1690 470 1540 274 87.5 .110 .2841 69.b 
20 2.7 2882 778 3240 665 194.5 .027 .1603 29 
22 2.7 1302 286 1110 234.5 59.4 .0019 .0469 .93 
.;::. 
-.0 
':'ABLE l (cont.) 
.11.cid Hard Fe so4 Al Flow Head Acid Date (mg/1 (mg/1 (mg/1) (mg/1) (mg/1) (cfs) (ft.) (lb/min. Mine No. pH Caco3) Caco3) X 10-2 
Caco3) 
11-23 
3B 3.2 280 308 411 58.6 11.2 .078 .2475 8.19 
3BB••· 3.1 342 366 500 57.6 14.3 .079u• 10.1 
6 2.7 2355 910 3170 33~ 183 .0736 .2419 65 
23 2.5 17"~7 612 2550 290. 93.2 .076 .2445 49.4 
24 2.7 1817 6i;o 2325 382 103 .0037 .0615 2.52 
11 2.5 1630 484 2100 262 95.5 .1225 .2971 74.6:, 
20 2.6 3000 890 4245 545 167i, .032 .1720 35.98 
22 2.6 1981 420 2340 384 138 .00147 .0416 1.09 
12-2 
3A 5.9 16 58 12.9 .0586 .2205 .35 
3B 3.2 279 348 415 56.6 9.7 .0865 .2581 9.04 
3BB**. 3.1 358 415 572 67.76 14.15 .087••· 11.67 
3(B-A) • .0279 8.69 
3M . 3.0 275 442 585 43.5 14.88 
6 2.7 2340 1192 3000 336 176 .074 .2425 65.1 
23 2.5 2025 680 2120 296 93.1 .0845 .2555 64.1 
24 2.7 1630 880 2340 380 107.5 .0059 .0780 ,;. i; 
11 2.6 1580 731 2100 257.5 90.5 .143 .3177 8LJ..6 
20 2.6 2880 1020 4200 540 160 .030 .1690 32.39 
22 2.6 1830 450 1710 372 96 .0019 .0468 1.3c 
• 3(B-A) is the mine acid drainage sampled at 3B excluding surface run-off from above the weir at 
3A, alkalinity at 3A not accounted for. 
_** Flow of 3BB and 3BBB are rough estimates from the weir at 3Be 
'\. 
u, 
0 
t ·-'',,, 
~L. 
[ ,1 i ! 
Acid Hard 
Date (mg/1 (mg/1 
Mine No. pH Caco3) Caco3) 
12-9 
3A 6.2 18.6 58.2 
3B 3.0 472 470 
3BB .. 2.9 467 465 
3BBB**, 2.9 567 511 
3(B-A)• 
6 2.7 2392 680 
23 2.5 1921 722 
24 2.6 1758 626 
11 2.5 1742 572 
20 2.6 2903 946 
12-16 
3A 6.l 21.6 
3B 3.4 114.5 182 
3BBB*• 3.3 146.7 205.5 
3(B-A)• 
6 2.6 2343 775 
23 2.5 1307 406 
24 2.5 1511 476 
11 2.5 1620 369.4 
20 2.6 2730 749 
22 2.9 856 299.9 
25 2.5 1530 176.3 
TABLE 1 (cont.) 
S04 Fe Al 
(mg/1) (mg/1) (mg/1) 
11.8 
605 74.1 12.4 
792 89 18.05 
792 60 20.25 
3243 341 173.2 
2157 295 88.4 
2562 382.2 98.8 
2295 276.3 94.6 
4480 553 165.5 
219 23.5 4.28 
260 21.81 5.3 
3941 334.2 178.3 
1968 215 64.6 
2200 239.8 6q.4 
2352 270 86.7 
4545 532 158.9 
1369 166.2 47.2 
2137 304 53.3 
Flow Head 
(cfs) (ft.) 
.0325 .1740 
.056 .2165 
.057••· 
.00155 .0425 
.074 .2425 
.0715 .2394 
.0044 .0677 
.150 .3225 
.032 .1709 
.1918 .3560 
.2245 .3830 
.228••· 
.0327 
.0832 .2540 
.2047 .3655 
.2047 .3655 
.218 .3748 
.045 .1978 
.0205 .1378 
.00243 .052 
Acid 
(lb/min. 
X 10-2 
Caco3) 
,23 
9.88 
12.1 
9.65 
65.9 
51.45 
2.. 9 
97.8 
46.8 
1.55 
9.64 
12.52 
8.09 
73.1 
100.1 
116.1 
132.3 
46.l 
6.57 
1.17 
u, 
I-' 
TABLE 1 (cont.) 
Acid Hard S04 Fe Al Flow Head Acid 
Date (mg/1 (mg/1 (mg/1) (mg/1) (mg/1) (cfs) (ft.) (lb/min. 
Mine No. Caco3) Caco3) 2 pH X 10-
caco3) 
12-23 
3A 6.3 18.6 56.5 12 0 .55 .0734 .2417 .51 
3B 3.3 223 267.5 380 45.l 7.25 .0950 .2686 7.94 
3(B-A)• .0216 7.43 
6 2.9 2275 819 3285 309 155.8 .088 .2600 74.9 
23 2.6 1489 551 1692 258.3 79 .1736 .3419 96.65 
24 2.6 1621 471 2200 254 70.2 .1048 .2775 63.3 
11 2.6 1687 658 2200 274.2 85.1 .2103 .3695 134.6 
20 2.6 2830 979 4411 520 152.5 .0515 .2092 53.1 
22 2.7 1433 899 2080 312 .73.2 .009 .0936 4.83 
15A 2.7 894 497 1105.5 121 56.3 
15B 2.7 890 605 1102.8 116.3 55 
1-4-66 
3A 6.1 7.9 58.2 7.92 .026 .093 1.050 .7060 3.11 
3B 4.1 23.7 81.7 44 5.41 1.6 1.20 .7450 11.67 
3BBB .. 3.9 34.15 87.6 64 4.59 1.8 1.25 16.0 
3(B-A)* .20 8.56 
6 2.7 1559 717 1637 234.5 122.5 .240 .3901 140.1 
23 2.5 1234 481 1200 222.2 57.8 1.49 .8125 688.5 
24 2.6 1025 465 1098 168.9 51.6 .941 .6760 361.7 
11 2.5 1517 1059 1540 254 81 , .317 .4360 179.9 
20 2.6 2279 866 2540 457 127.7 .160 .3305 136.5 
22 2.7 726 330 696 147.8 29.9 .032 .1750 8.71 
25 2.9 454 280 456 78.8 24.9 .00625 1.06 
\J1 
N 
' 
'rABLE l (cont.) 
Acid Hard S04 Fe 
Date (mg/1 (mg/1 (mg/1) (mg/1) Mine No. pH Caco3 Caco3 
21 2.9 886 615 1020 116.8 
26 2.8 493 194 397 69.5 
9 3.1 177 216 204 24 
27 2.7 4?7 253 480 42.3 
10 4.5 16.6 58.8 14.9 .19 
13 3.1 693 260 1315 231.6 
TOTAL 
2A*** 2.9 481 280 470 77 
2B*** 439 280 416 64.6 
2-1] 
3A 5.6 9.15 55.6 11 0 
3B 4.5 11.65 68.5 47.5 0 
3(B-A)* 
6 2.7 1050 417 1360 154 
23 2.6 835 284 1100 148 
24 2.6 12~7 337 1531 252 
11 2.5 1437 310 1871 0 
20 2.6 1638. 577 2240 0 
22 2.7 451 220 648 0 
TO~AL 
••• 2A equals stream sample from above the five mines 
2B equals stream sample from below the five mines 
. Al Fl.ow Head Acid 
(mg/1) (cfs) (ft.) (lb/min. 
X 10- 2 
Caco3) 
59.5 .0152 5.05 
27.4 .0253 4.67 
9.8 .01167 .77 
30.9 .029 5.17 
.36 .Boo 4.97 
26.3 .000016 .01 
4.2675 1545.66 
25.9 9.343 1680 
24.3 
0 5.12 1.33 17.52 
0 6.45 1.467 28.1 
1.33 10.6 
64.8 1.28 .765 503 
_30 3.88 1.196 1212 
0 5.6 1.386 2595 
0 .450 .502 242 
0 - .577 .555 383 
0 .086 .2575 14.52 
11.873 4960.12 
(see description) 
====----"':'"'----~=~==--=""' 
(JI 
I.,.) 
TABLE 1 (cont.) 
Date Acid Hard so 4 Fe 
-Mine No. pH - (mg/1 (mg/1 (mg/1) (mg/1) 
Caco 3 ) CaCO3) 
2-11 (additional samples on this date) 
3BB** 4. 3 12. 9 
3BBB-H 4.4 14. 57 
3M 4.4 13. 31 
Creek 3. 2 202. (above effluent at 3M) 
2A ••• 3. 0 17 <.l 
2B *** 3. 1 153. 
2-19 
3A 6. O 10. 57.2 8. 6 
3B 3. 8 23. 2 91. 72. 5 5.24 
3(B•A)• 
6 2. 6 1175. 524. 1540. 187. 
23 2. 6 951. 471. 1005. 165. 
24 2. 5 930. 364. 1096. 118. 
11 2. 5 985. 294. 1091. 172. 
20 2. 5 1204. 492. 1600. 249. 
22. 2. 5 1258. 390. 1680. 250. 
TOTAL 
2A *** 2. 7 552. 270. 603. 
------... 
Al Flow 
(mg/1) (cfs) 
• 720 
• 71 .799 
• 079 
78. 4 • 687 
43. 5 2. 11 
55. Z 2. 34 
46. 1 • 372 
68. 5 • 3395 
56. 5 :. 100 
6. 027 
Head 
(ft. ) 
• 606 
• 632 
• 5948 
• 9360 
• 9750 
• 4625 
• 4480 
• 2740 
Acid 
(lb/min. 
X 10 .. 2 
CaCO3) 
2. 70 
6. 95 
4.25 
302. 
752. 
815. 
137. 
153. 2 
47 .1 
\.11 
~ 
TABLE 1 (cont.) 
Date Acid Hard so4 
Mine No. pH (mg/1 (mg/1 (mgll) 
CaCp3) CaC93) 
2-29 
3B 3. 6 102. 135. 163 .. 
6 2.7 1390. 512. 1970. 
23 2.7 946. 450. 985. 
24 2. 5 990. 608. 1350, 
11 2. 5 1050. 270. 1120. 
20 2. 5 1384. 550. - 1950. 
22 2. 7 702. 300. 910. 
3-11 
-3A 6. 3 11 •. 36 56.6 10. 8 
3B 3. 5 106. 142. 180. 
3(B--A)* 
6 2. 7 1450. 480. 2075. 
23 2.7 936. 358. 1240. 
24 2. 5 960. 545. 1290. 
11 2. 5 976. 342. 1100. 
20 2. 5 1477. 640. 2000. 
22 2.7 795. 368. 98,0. 
28 3.4 109. 270. 165. 
Fe Al Flow 
(mg/1) (mg/1) (cfs) 
198. 85.0 • 345 
158. 38.5 1. 27 
135. 52. 1 1. 74 
162. 46. 0 • 270 
268. 73.2 • 2.415 
139. 26.3 • 0281 
. 051 . 041 • 218 
13. 2 2.34 • 266 
. 048 
214. 9i. 5 • 393 
147 .• 39.2 • 906 
129. 43.4 • 803 
147. 64.8 . 288 
295. 78.4 . 163 
153. 3.2. 8 • 034 
2. 96 6.25 
Head 
(ft. ) 
. 4512 
• 7622 
. 8663 
. 4087 
• 3909 
• 164 
. 375 
. 406 
. 475 
• 6655 
. 634 
. 4193 
• 333 
. 1885 
Acid 
(lb/min. 
X 10- 2 
CaCO3) 
179. 
449. 
645. 
116.1 
125. 
7. 39 
• 926 
10. 56 
9. 63 
213 . 
317. 
288. 5 
105. 1 
90. 
10. 1 
u, 
u, 
TABLE 1 (cont.) 
Date Acid Hard SO4 Fe Al Flow Head Acid 
Mine No. pH (mg/1 (mg/1 (mg/1) (mg/1) (mg/1) (cfs) (ft) (lb/min. 
CaCO 3) CaCO3) X lQ-2 
CaCO3) 
4-2 
-3B 3. 6 89. 8 53.5 188. 23. 4. 5 • 2305 • 3835 7.75 
3BBB ** 3. 5 111. 52. 1 216. 
6 2. 7 1701. 353 •. 2245. 273. 5 121. • 308 • 431 196.1 
23 2. 7 1141. 176. 1440. 153. 40.8 • 620 • 571 263. 
24 2. 6 1048. 196 •. 1405. 161. 49. 6 • 372 • 465 145. 9 
11 2. 6 1110. 272 •. 1140. 191. 58. • 265 • 400 110. 
20 2. 7 1831. 486. 2580. 345. 94. 5 .106 • 2795 72. 6 
22 2. 8 624. 58. 8 780. 97.5 20. 8 .. 0249 • 156 5. 81 
TOTAL 1. 746 801. 16 
2A••• 2. 9 655. 175. 874. 87. 30.1 2.925 717;. 
4-7 
- 7. 6 ll. 65 56. 9 10. 2 • 3987 • 478 1. 74 3A 
3B 3. 9 .48.:.S 97.3 90. 9.44 1. 72 • 4660 • 509 8. 46 
3BBB** 3. 7 73. 6 111. 133. 
3(B-A) * • 0673 6. 72 
6 2. 7 1491. 555 •. 1860. 244. 111. • 2125 • 371 118.') •
23 2. 8 774. 294. 951. ?2.7 27. 2 1. 1)526 • 7075 305 • 
24 2. 7 891. 288. 1120. 163. 47.2 1.114 • 7235 372 • 
11 2. 7 , 870. 38P. 1300. 138. 41. 8 • 3096 • 432 100. 6 
20 z. 8 1561. 65'1. 2020. 358. 99.:5 • 2029 • 3642 118. 7 
22 2. 9 467. 193. 1060 0 I 150. 27.4 • 0391 •. 1874 6. 85 
TOTAL 2.998 • 1028. 77 u, er-
~-
2A *** 2. 8 488. 245. 650. 
.J. 
TABLE 1 (cont.) 
Date Acid Hard ~04 Fe Al Flow Head Acid 
Mine No. pH (mg/1 (mg/1 (mg/1) (mg/1) (mg/1) (cfs) (ft) (lb/min. 
CaC03) CaC03) X 10- 2 
CaCO:j 
4 - 15 
3A 6. 3 9. 69 56. 3 10. 35 1. 312 • 77 3 4.76 
3B 4.3 34.8 73. 31. 3. 93 • 692 1. 430 • 800 18. 61 
3BBBu 4. 0 36. 8 79. 4 77. 5 
3(B-A) * • 118 13. 85 
6 2. 7 1050. 571. 1311. 157. 7 72.5 • 7585 • 6195 298. 
23 z. 7 631. 352. 1856. 84.8 24.6 2. 68 1. 03 634. 
24 2. 6 725. 406. 960. 98. 9 29. 5 3. 787 1.184 1028. 
11 2. 5 7 55. 128. 1000. 150. 46.2 • 317 • 436 89. 6 
20 2. 7 1I4:2~. 475. 1490. zoo. 56. 5 • 5415 • 541 211. 5 
22 z. 6 908. 416. 2130. 147. 38.4 .125 • 300 42.5 
TOTAL 8. 327 2317. 45 
2.Auit' 2. 8 341. 155. 442. 51. 16.. 2 16. 5 2105. 
4 - 22 
3A 6. 5 16. 2 56. 5 10. 3 • 2288 • 3825 1. 38 
3B 3. 7 75. 6 U6. 129. 16. 3 3. 0 • 2797 • 4145 7. 91 
3BBBH 3. 6 79. 5 117. 157. 
3(B-A)* • 0509 6. 53 
6 2.7 1515. 540. 1720. 235. 99.0 • 4314 • 4925 244.5 
23 2. 6 809. 550. 1040. 135. 38. 0 • 973 • 685 294. 2 
24 2. 6 791. 193. 1000. 122. 37. 2 • 901 • 664 266.4 
11 2. 5 873. 220. 1110. 125. 32.0 • 3015 • 422 98.4 
20 2. 6 1321. 445. 1890. 246. 58. 8 • 197 • 360 97. 3 
22 z. 6 7 31. 37. 910. 129. 31. 2 • 0445 • 1957 12. 2 
u, 
-J 
I 
----
TABLE l (cont.) 
Date Acid Hard so4 Fe Al Flow Head 
Mine No. pH (mg/1 (mg/1 (mg/1) (mg/1) (mg/1) (cfs) (ft. ) 
CaCO 3) CaCO3) 
TOTAL 2. 90 
2A*** 2.7 591. 765. 740. 75. 5 32.2 
5 - 5 
2 (see note) 2. 5 922. 503. 1600. . 9 
3A • 813 . 637 
3B 4.3 20.4 -75. 0 48. • 921 . 670 
6 2. 6 1190. 635. 1710. • 991 . 690 
23 2.6 738. 208. 1040. 2. 68 1. 03 
24 2. 6 610. 161. 848. 2. 62 1. 0215 
11 2. 6 631. 283. 960. • 380 • 469 
20 2. 6 1030. 289. 1496. • 445 . 500 
22 2. 5 856. 139. 1240. .117 . 29.15 
8 2.9 17). 400. 
5. 8 9. 69iresh water runoff from brook above effluent of Mine No. 6 
6.5 13.'6 fresh water runoff from a brook near Mine No. 1 
Note: sample from location 2 was the first time a significant flow was observed from any 
of the mines in this location, discharge was estimated. 
Acid 
(lb/thin. 
X 10-2 
CaCO3) 
-
1019. 35 
31. 4 
7.02 
452 • 
740. 
598. 
89.6 
172. 
37.4 
u, 
00 
The. seven:major sources of acid are discussed as follows: 
Number 3 (Figure 5} 
From Figure 5 it can be seen that, although an increase in stream 
flow to over 6 cfs. at 3B resulted in an acid load of • Z8 ,pounds per minute, 
\ 
the actual load of acid 3(B-A} from these mines excluding contribution 
from runoff above 3A did not exceed • 138 pounds per minute. This 
actual acid load was approximately the same as when stream flow· was 
less than 1. 5 cfs. As_ noted ln the physical description of the mines, it 
was not possible to make direct measurements of mine drainage here. 
The acidity from these mines. causes concentration in the brook to 
reach 2280 mg/1 during the dry summer months when fresh water flow 
is absent (see Figure 12}. As may be seen from Figures 12, 19, and 26, 
the content of dissolved substances in the brook has decreased greatly 
since October. Above the mines at 3A, the brook contains numerous 
clean water insects and crayfish, Below this weir, no macroscopic 
life was found other than at 3M on the occasion indicated ~n page -43:. 
Number 6 (Figure 6} 
The concentration of acid from this mine ranged from 1050 mg/1 
to 2392 mg/1. The relationship of acid load to flow has been constant 
and directly proportional to each other throughout this study. The 
acid load ranged from O. 65 pounds of acid per minute to 5 pounds of 
acid per minute. 
59 
Number 23 (Figure 7) 
Acidity ranged from close to 630 mg/1 to 2025 mg/1. From July to 
December, flow was less than. 2 cfs and acid load from the mine was 
approximately 1. 0 pound per minute or less. 
After tlie new year, the flow :increased to as high as 3. 88 cfs, and 
an acid load of 12.12 .pounds per minute resulted. Since the high .flows 
began, acid concentrations have decreased, but the relationship be-
tween flow and acid load is still linear., Apparently, some of the acid 
produced during the low flow period has been flushed out. 
Number 24 (Figure 8) 
Flow from this mine was so low during the summer that regular 
sampling was not initiated until October. Acid concentration ranged 
from 610 mg/1 to 1821 mg/1. 
Up to 3. 8 cfs, the concentration of acidity decreased as fl.ow in-
creased; however, with further increase in flow, the acidity increased, 
producing a very large acid load. This situation was observed in only 
one other case, Mine No. 22. Apparently, the increased quantity of 
transient water passing through the mine came into greater contact 
with acid-producing material, thus causing high acid concentrations 
and loads. Braley reported this as 11a general reaction to rising water 11[32]_. 
It should also be noted that this mine produced the greatest range in flow, 
0 to 5. 6 cfs, and that the 5. 6 cfs represented the greatest flow to come 
from any one m:ine. This mine 1 also produced the greatest range in 
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acid load, 0 to 25. 95 pounds per minute. This maximum load was the 
greatest acid load produced by any one mine. 
Number 11 (Figure 9) 
The acidity of this mine effluent ranged from 631 mg/1 to 1938 mg/1. 
The acid drainage increased in a regular manner from October, 1965, to 
February, 1966. During this time the flow ranged from a low of. 093 cfs 
to a high of. 45 cfs, and a low and high acid load of. 67 to 2. 42 pounds 
per minute. 
Up until the middle of February, the relationship between flow and 
acid concentration or acid load was linear. Thereafter, the acid load 
was nearly constant irrespective of fl.ow fluctuations (see Figure 16b). 
Apparently,. so much acid material had been flushed out of the 
mine during the beginning of the high fl.ow period that subsequent in-
creases in flow picked up little acid. Consequently, any increase in 
flow tended to dilute the mine drainage discharged, and any decrease in 
flow tended to concentrate it. As a result, the acid load discharged was 
relatively constant. A slight decrease in acid load resulted from the 
continual loss of preformed acid material at a faster rate than was 
produced, and which was not being re'placed at a rate equal to that ef 
removal. 
Number 20 (Figure 10) 
The acidity of this drainage ranged from 1030 mg/1 to 3000 mg/1. 
Flow ranged from. 023 cfs to • 577 cfs. 
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Fluctuations between acid load and flow followed the generally 
observed pattern. 
Number 22 (Figure 11) 
Until mid-February, flow from this mine was not over O. 09 cfs, 
and the acid load discharged was never greater than • 15 pounds per 
minute, (acidity 450 mg/1). On three occasions since then, the flow 
has increased to or only slightly above O. 10 cfs, and an increase in 
acid concentration to over 900 mg/1 has resulted in a maximum acid 
load of • 4 71 pounds per minute. At flows above • 1 cf s, the water 
seeping into this mine apparently contacts considerably more surfaces· 
of acid-producing material. Consequently, pickup was much greater, 
and acid concentrations increase'1. Mine Number 24 also reacted to 
rising waters in this way. 
There was a large deposit of ferric hydroxide at the mouth of 
this mine. From this, it appears that this mine either does, or did 
at one time, have a greater capacity to deliver acid and iron than has 
been observed during this investigation. 
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Graphical presentations of data versus sample date are included 
in Figures 12 through 32 £or the seven major sources. of acid. 
The graphs of pH and acidity versus date sample was taken;(Fi-
gures 12-through 18) show a relatively constant range of pH values, 
especially M:in.e Nrunber 20, .Figure-17. The pH gave no indication of 
changes in chemical quality. It was relatively constant despite flow 
fluctuations. The low pH values indkate environmental conditions 
that render the habitat uninhabitable to all but the more acid-resistant 
organisms. 
The acid concentration of all mines generally decreased with 
increasing flow. As the high flow season advanced, new seepage 
into the mines and subsequent flushing caused even greater decreases 
in acid concentration. This made acid concentration more sensitive 
to flow fluctuation and caused acid loads to be less dependent on flow. 
Two exceptions to this trend of decreased acidity with·increased 
flow have already been mentioned. On February 11, Mine Number 24 
increased in flow and acid concentration, see Fig. 15a, b. On February 
19, April 15, and May 5, Mine Number 22. also increased in both flow 
and acid concentration, see Figa '18a, b. , 
In Figure 12, the effect of increasing fresh water runoff on samples 
from station 3B may be seen from the pH rise and reduced acid conce1_1tra-
tion. 
70 
The graphs of hardness and sulfates versus date sample was taken, 
shown in Figures 19 through 25, show a tendency for hardness and sul-
fates to vary in a somewhat similar manner. Hardness did not vary in 
as great a magnitude as sulfates. At station 3B, the flow in the stream 
resulted in a prominent decrease in both factors. As would be expected, 
there was a fairly direct relationship between the curves for acidity 
and sulfates. 
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The graphs of iron and aluminum vs. date sample wa-s taken, 
Figures 26 through 32, show in most instances a .correlation between 
the changes in the conce .ntrations of these two m -etals. The iron ,.con-
centrations, generally over · 100 mg/i, represent a great potential: :.for 
oxidation to and precipitation of ferric hydroxide. The effects of this 
precipitation were seen along the entire -length of the creek, frorn..the 
mouth up to Mine Number 22 and on some tributary: brooks. -Ag~. 
there is a dilution effect at station 3B from clean water runoff as 
shown in Figure 26. There was also a correlation between , changes 
in acid, iron, and aluminum concentrations. 
Increased flow generally caused a drop in the concentration ·of 
dissolved substances. In a few instances, there were exceptions to 
this. They are as follows: 
Mine Increased flow resulted in 
Number Date increase _d concentrations of-
24 2-U-66 acid, sulfates 
11 2-ll-66 sulfates 
22 2-19-66 acid, sulfates 
22 4-15-66 acid, sulfates 
22 5-5-66 acid, sulfates 
Since the concentrations of sulfates, hardness, iron, and aluminUin follow, 
in general, the concentration of acidity, their loads may also be · expected 
to fluctuate in much the same ,nanner as the acidity load. 
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DISCUSSION 
A cursory analysis of fresh water runoff from scattered locations 
throughout the basin of the Left Fork of Little Sandy Creek revealed 
clean water with low mineral content. Acidity was usually about 10 mg/1, 
alkalinity about 5 mg/1, and pH ranged from 5. 6 to 7. 6. · This indicates 
the lack of limestone in the basin; therefore, little natural neutralization 
could take place. The mine drainage constitutes such a high percentage 
of stream flow, that dilution is of little· consequence in· impToving the 
quality of water. 
The pH of the mine drainage and the Left Fork of Little Sandy 
Creek did not serve as an indication of dissolved chemicals for two 
reasons. First, under relatively conce.ntrated conditions, sulfuric 
acid will not ionize completely [ 40]. Second, since the initial oxida-
tion of pyrite produces sulfuric acid and a ferrous compound, thecpH 
of water in the mine may be reduced greatly. In the p:resence of sul-
furic acid or in water below about pH 6, ferrous sulfate is not easily 
oxidized to the ferric state. Any ferric sulfate that is formed ceases 
to hydrolize in water below a pH of about 2 to 3, due to equilibrium. 
Therefore, the• presence of ferrous sulfate may increase in the mine 
drainage and increase the total acidity; but it will not necessarily 
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increase the free acidity which would exist in the form of sulfuric acid 
and determines the pH. Although the acid concentration of Mine Num-
bers 6, 23, 24, 11, 20, and 22 fluctuated greatly, equilibrium between 
ferric sulfate and the products of hydrolysis resulted in a relatively 
constant pH of 2. 5 to 2. 8 in the drainage as it left the. mines and 
apparently in the creek too (see Table 1, dates: 9-25-65, 12-23-65, 
and 1-4-66). 
At the entrance, all of the mines appear to be drift mines. Mine 
Numbers 3, 6, 23, 11, and 20 continued to discharge drainage during 
a drought period. These mines must therefore intercept the ground 
water table. Mine Numbers 24 and 22 flowed most of tne time except 
at the end of the drought period. This indicated that they probably 
intercept the normal ground water table, but the water table dropped 
during the drought and flow ceased. 
Mine Number 24 has shown much greater fluctuation and sensi-
tivity to hydrologic changes than the other mines. This indicated 
that a high proportion of the water entering this mine through fissures 
ar.d faults~eadS..;directly to sources of surface runoff. In such a case, 
diversion of water or sealing some of these openings at the surface 
would reduce the drainage. 
The other mines fluctuated much less. This would indicate that 
the mine drainage was derived principally from ground water and 
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interflow. Reid [ 41] reported that ground water is typically low in dis-
solved oxygen, often being anaerobic. If the cover over these mines is 
sufficiently tight, oxygen might be eliminated and sealing may be the best 
answer to reduction of mine drainage from these and the other inactive 
or abandoned mines. The chemical grout produced by American Cyananid 
Company called AM-9 might prove helpful in affecting tight seals. The 
success with the use of. 004 inch polyethelene sheets to prevent leaks 
around the edges of weirs suggests another means of checking water 
transmission, but not necessarily oxygen. Chemical grout or polyethelene 
sheets could be used to reduce the entrance of oxygen or to prevent the 
inflow and outflow of water upon abandonment of active mines. Because 
of the subsidence that has occurred in mines which have been robbed 
and abandoned for some time and the danger of continual faulting, the 
only recourse open to mine acid abatement appears to be sealing at 
the entrances. 
Much of the exposed 11gob 11 material from drift mines located 
near and on the strip areas could be placed at the base of the high 
wall, compacted, covered with an impervious material, and back-
filled. Grading should follow this with subsequent planting of a 
cover crop such as the more acid-resistant evergreens and Balboa 
rye, Kentucky 31 fescue grass, or Korean lespedeza. 
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The transformation of pyrite to sulfuric acid and other products 
is a .reaction that takes time. During the period of low flow, oxidation 
,. 
and hydrolysis of pyritic materials takes place within the mine •Cavity 
on all surfaces· containing sulfuritic material which are exposed. to 
moisture and air. The total rate of production of available acid---
forming material is greater than the rate of removal through mine 
drainage or other means. This acid-producing material continues to 
build up during the low water period. From the laboratory results 
of Stokes, Garrels, and Temple and Koehler [ 42, 43, 44], oxidation 
and hydrolysis of pyritic material could also take place on sulfu:ritic 
surfaces which are covered by pools of water containing dissolved 
oxygen and/ or oxidizers s'Uch as ferric hydroxide. Sulfuritic sur-
faces continually washed by water seeping into and through the mine 
works will also form acid products. Acid materials are dissolved 
and partially dissociated while the acid produced is almost. all 
dissociated. 
With the approach and the advancement of the high flow season 
resulting from increased precipitation, more water seeps into the 
mine. For this increased seepage to move from outside of the mine 
to within it, there are thousands of minute paths or channels through 
which the seepage may pass. This seepage will trickle and flow over 
exposed surfaces of pyritic material on the ceiling, walls, and floor 
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of the mine. Pools of water will form and cover some of. this material. 
Many of the paths and the exposed surfaces of pyritic material which 
were dry during the-low water period will have a large build-up ,of 
acid-producing material. This acid material m~y be easily pkked up 
by the increased seepage coming into· contact with it. 
As a consequence of increased seepage into the mine during the 
high flow period, three possible wtcomes may develop in the mine 
acid drainage. First, if increased. seepage does not result in contact 
with surfaces of available acid material and/ or the a:tnount of this 
material present is small, little pickup 0will result. The acid con-
centration will be greatly diluted and the acid load will increase-only 
slightly (it will stay almost constant). Since mid-February, this~ 
has occurred .in Mine Number 11. The high flows leading up to the 
maximum discharge observed on February 11 flushed out a considerable 
amount of acid material, while subsequent increases in flow have con-
tinued to flu.sh out more acid material faster than· it was produced. 
There was less acid rn_aterial with which increased seepage could come 
into contact. Thus, ·everytime a flow change occurred in this mine, 
there.was less acid to be picked up by transient water passing through 
it. 
Second, if the increased seepage comes into adequate contact 
with available acid material, pickup may be such that the acid con-
centration stays relatively constant, and therefore the acid load would 
-
,_ 
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increase in direct proportion to flow. Before discharging. their maximum 
flows in mid-February, this situation was observed for all of the mines. 
Thereafter, the flow-acid load relationship remained a constant direct 
proportion for only. one mine, Number 6. Mine Numbers 23 and 20 con-
tinued to have a linear relationship between flow and acid load, but due 
to the flushing out of acid material at a quicker rate than could be pro-
duced during the high flow period, there was now less acid material 
available to be picked up. Therefore, at a given flow rate, concentration 
of acid has been less than previously.observed. The two other mines, 
Numbers .24 and 22, represent the third possible reaction to increased 
seepage into a mine. In this situation, increased seepage may pick up 
sufficient addition.al acid from the pyritic surfaces that acid concentra-
tion increases, and therefore acid load increases by a greater proportion 
than a direct relationship. Such a situatio.n will occur when a great 
amount of exposed sulfuritic material in the mine has produced suffi-
cient available acid during the low-flow period. 
The JnaximUin and minimum acid concentrations in the flow from 
each mine occurred at the same time of the year as observed by Braley 
[30]., November and December, and April, respectively. 
Area residents reported a serious problem of watering thei:r live-
stock during the drought period. The animals would not drink water from 
the creek which had a pH of 2. 6 and an acidity of a few thousand mg/1. 
$$$ _, 
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SUMMARY 
1. All of the mines in the basin are inactive. 
2. The pH of mine effluents remained relatively constant under all 
conditions of flow. 
3. During the beginning of the high flow season, the acid load (weight} 
fluctuated in almost direct proportion to flow fluctuation. 
4. Although the proportional ·relationship between acid load and flow 
still existed during the latter part of the high flow season, the 
delivery of acid load was les.s sensitive to changes in flow. 
5. Sulfate and acid concentrations generally fluctuate in the same 
manner. 
6. The changes in iron and aluminum concentrations parallel each 
other as the flow fluctuates. 
7. During drought periods, water in the Left Fork of Little Sandy 
Creek contains a heavy concentration of acid drainage. 
8. Mine Numbers 3, 6, 23, 24, 11, 20, and 22 contributed about 
35 to 60 per cent of the flow and at least 91 per cent of acid 
load to the Creek during the high flow season. 
9. On February ll, 1966, these mines discharged a maximum load 
of 49. 6 pounds per minute or 35. 8 tons per day of acid as CaC03 
in a flow of 1L 9 cfs. 
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10. In the six montjt period from the beginning of November, 1965, to 
the end of April, 1966, the seven major mines produced a total 
acid load of about 1960 tons. 
11. An abundant growth of algae and midge fly larva at s.ome· locations 
was the only common macroscopic life noticecLin any. water con-
taining acid drainage. 
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CONCLUSIONS 
1. To measure the maximum acid load and other constituents 
discharged from a mine, sampling .. and flow measurement 
should be·made after a long dry period (perhaps six months}, 
during the b'eginning of the high flow period, and the first 
significant increase in discharge. 
2. Acid load is usually proportional to flow, in some cases 
directly so. 
3. The pH does .not indicate the extent of contamination ·in mine 
acid drainage. 
4. Sealing of mines appears warranted. 
5. Additional information will be needed on the characteristics 
of each mine to carry out a successful pollution abatement 
program. Such characteristics would include geophysical 
factors including· locations of past and potential sites of 
subsidence, -.exx::avated areas, entrances, boreholes, 
fractures, and faults. 
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